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We observe that at the initial stage of a high-current discharge, a low-divergence short x-ray
pulse (≈ 0.5◦, < 2 ns, hν > 500 eV) with the energy of ∼21 µJ is formed over a ferrite surface, which
propagates parallel to the surface in the anode direction. The high directionality of the radiation
points to its coherent nature. We propose that the radiation is due to the short-lived magnetization
of the ferrite surface excited by a high-power electromagnetic pulse. The radiation is coherent due
to the equivalent excitation conditions for all emitters. The excitation pulse and the radiation it
generates move at the same speed (∼c). Thereby, the emitted waves propagating parallel to the
ferrite surface are phase-matched, providing the high radiant intensity of the radiation.
In the studies of VUV plasma radiation in a high-
current discharge on a ferrite surface [1,2], a short
(τ < 2 ns) directional pulse of fairly hard coherent
radiation (hν > 500 eV) was detected at the initial stage
of the discharge. The radiant intensity of this radiation
was significantly (by more than an order of magnitude)
higher than that of the radiation from the ferrite surface,
measured perpendicular to the surface in [1, 2]. In this
paper, we report the first results on the study of this
radiation and provide their possible interpretation. The
experiments were performed on a BIN generator with an
output current amplitude of up to 270 kA and a rise
time of 80 ns [3]. The impedance of the generator form-
ing line was ≈ 1 Ω, and the voltage at the generator
output reached 240 kV, with the charging voltage of the
forming line being of about 350 kV. The generator load
was a rectangular ferrite ((Ni-Zn) Fe2O4) prism of grade
M1000NN with transverse dimensions 10 × 20 mm2. The
prism was mounted perpendicular to the diode axis, see
Fig. 1a. By changing the electrode length on the cathode
side, the length of the working part of the ferrite prism
was varied from 1.5 cm to 7 cm. The current flow path
on the ferrite surface was set by a pattern drawn with a
graphite pencil. This path was generally the same dur-
ing consecutive discharges in the experiment [1,2]. The
generator load was unmatched, and its impedance varied
greatly during the pulse. The pressure in the discharge
chamber did not exceed 10−4 Torr.
The radiation from the discharge was studied using cal-
ibrated diamond photoconductive detectors (PCDs) with
flat spectral response C = 5 · 10−4 A/W in the energy
range from 10 eV to 4 keV. In the high-energy region, the
sensitivity smoothly decreases in accordance with the ab-
sorption of carbon [4]. The transverse size of the detector
crystals was ≈3 mm, whereas in the detection direction
it was 0.5 mm, which provided sufficient sensitivity of
the detector up to energies of 10 keV. Detector response
time was less than 1 ns. The total time resolution of
the recording channel was 2 ns, with the bandwidth of
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the Tektronix TDS 3104B oscilloscope and the cable lines
taken into account. The detectors were typically placed
at a distance of 20 cm from the end face of the ferrite
prism at various angles with respect to the discharge di-
rection (x axis in Fig. 1a). In each experiment, we used
two detectors with gray filters made from a nickel mesh
having 2000 lines per inch (78.74 lines per mm) with a
transmission of 36%.
The arrangement of the detectors is shown in Fig. 1a.
The angular range of radiation detection in the ferrite
surface plane xy was −8◦ < θ < +22◦ (azimuthal an-
gle), and in the xz plane, orthogonal to the ferrite sur-
face, it was −1◦ < α < +5◦ (polar angle). To estimate
the width of energy distribution over the cross section of
the generated beam, we used uncoated Fuji TR photo-
graphic plates sensitive to both x-ray and UV radiation;
the plates were placed at a distance of 26 cm from the
end face of the ferrite prism. The time dependence of
the load current was calculated by numerical integration
of the signal from the Rogowski coil (with a bandwidth
of >500 MHz). The time dependences of the discharge
current and the radiation intensities recorded along and
FIG. 1. (a) Experimental layout. (b) Angular intensity dis-
tribution for the radiation from ferrite.
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2perpendicular to the ferrite surface (PCDs in positions
2 and 7) are shown in Fig. 2. The experimental condi-
tions were the following: the length of the working part
of the ferrite prism was l = 6.5 cm; one detector was
placed parallel to the working surface of the prism at a
distance L = 20 cm from its end face, and the other was
placed perpendicular to the working surface at the same
distance.
It is seen in Fig. 2a that at the initial (prebreakdown)
stage of the discharge, when there is almost no discharge
current yet, a short (τ < 2 ns) radiation pulse is observed
along the discharge axis, with the intensity of this pulse
exceeding the intensities of radiation detected in the same
time points in the perpendicular direction by an order
of magnitude. Note that the actual signal duration is
probably shorter since the measured value coincides with
the time resolution of the recording channel. The spectral
composition of the radiation was estimated as follows:
two PCDs were mounted side by side in the xy plane
along the discharge axis (α = 0◦, θ = ±2◦). One PCD
was used with a mesh, as in the previous experiments,
and, in front of the other, filters (Al, thickness d = 50 µm;
Be, d = 10 µm; polypropylene, d = 4 µm) were installed.
The experimental results are given in Table I.
It is seen from the table that over 40% of the radiation
FIG. 2. (a) Time dependences of the discharge current (1) and
the radiation intensities recorded along (2) and perpendicular
(3) to the ferrite surface (detector positions 2 and 7 in Fig.
1a). (b) Image of the cross section of the generated x-ray
beam obtained with a filter having two transmission bands:
1.3–1.6 keV and above 3.4 keV.
falls within the x-ray range (>800 eV), and most of the
UV radiation has energy above 150 eV. Note that the
radiation from the discharge, measured in the direction
perpendicular to the ferrite surface, is in the 10–800 eV
range [1,2]. We studied the angular distribution of radia-
tion intensities. The detectors were placed at a distance
L = 15 cm from the prism end face. The ferrite prism
had a length l = 2cm. The measurement results are pre-
sented in Fig. 1b. It can be seen that the radiation is
concentrated in a region with angular sizes of ∼ 4◦ and
∼ 5◦ (±2.5◦) in the planes perpendicular and parallel to
the working surface of the ferrite prism. Regarding the
fact that in our measurement geometry, the angular res-
olution is ∼ 2◦, the presented results should be thought
of as an evaluation.
Independent estimation of the angular distribution of
the investigated radiation was done using the energy dis-
tribution over the cross section of the generated beam.
Fuji TR photographic plates were used, placed at a
distance L = 26 cm from the end face of the ferrite
prism, with the length of its working part l = 4.5 cm
(R = l + L = 30.5 cm). The result is shown in Fig.
2b. The darkening of the photographic plate corresponds
to the time-integrated radiation energy emitted in the
given direction, recorded with a 15 µm Al filter having
two transmission bands: 1.3–1.6 keV and above 3.4 keV.
As already indicated, during a series of pulses with a
characteristic transverse size of the discharge region of
∼200 µm, the discharge on the ferrite surface always fol-
lows the path, originally set by a graphite pattern [1,2].
It is seen from Fig. 1b that the cross sec-
tion of the beam is characterized by dimensions
s × h ≈ 1 cm × 0.2 cm, with a size s close to the
transverse size of the ferrite prism; the investigated radi-
ation is likely to be generated over its entire surface. The
observed halo may be associated with inhomogeneities on
the ferrite surface at different scales, particularly, com-
parable to the wavelength of the generated radiation. In
addition, as noted in the first works considering the dis-
charge on the ferrite surface, the discharge channel mod-
ifies the surface, creating a track with an amorphous
structure and increased conductivity [5, 6]. Radiation
scattering on this structure may produce a halo seen in
a photographic plate. Taking into account the experi-
mental geometry, the angular divergence of the observed
radiation is ∼ 0.5◦.
TABLE I. Energy fractions of the generated beama
Filter Radiation Photon Energy Fraction
none 100%
50 µm Al > 5 keV 9%
4 µm PP 150− 280 eV and > 700 eV 93%
10 µm Be > 800 eV 42%
a The measurement error (electrical noise and possible
background radiation) is the same for all angles and does not
exceed 10%
3The energy characteristics of the radiation were stud-
ied. The total energy registered by the detector is deter-
mined as follows
ε =
1
CR
∫ ∞
−∞
V (t)dt. (1)
Here, R = 75 Ω is the detector load resistance, V (t) is
the instantaneous value of the signal, measured in Volts,
at time t, C is the detector sensitivity. The duration of
the radiation pulse may turn out to be significantly less
than the time resolution of the recording channel (∼2 ns),
and the pulse duration and shape cannot be obtained by
electrical measurements only. Nevertheless, since the sig-
nal spectral width (see Table I) is scarcely beyond the re-
gion of the detector spectral sensitivity (10 eV – 4 keV),
relation (1) can be used to estimate the total energy in-
cident on the detector. The value of
∫∞
−∞ V (t)dt was de-
termined as the area under the curve V (t) (see Fig. 2a).
During measurements, the length of the ferrite working
part was varied from 1.5 cm to 7 cm by changing the
lenght of the negative electrode. In several series of ex-
periments, the length of the working part was first in-
creased (2, 3, 5, 6, and 7 cm), and next decreased (6.5,
5.5, 4.5, 3.5, 2.5, and 1 cm). At each length in each series,
2 or 3 consecutive shots were made, with the total length
of the ferrite sample being constant. For estimates, the
beam cross section was considered a rectangle with di-
mensions s = 1 cm (width) and h = 0.2 cm (height).
The value of h is smaller than the transverse dimensions
of the detector crystals (detector active area is of circle
shape with the radius rD ≈ 3 mm); consequently, the
total energy transferred by the radiation pulse is
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FIG. 3. Dependences of the total radiation energy on the
length of the discharge gap obtained along to the ferrite sur-
face (radiation detectors in positions 2 and 7 in Fig. 1a.).
Inset shows the corresponding dependence obtained in the
perpendicular direction [1,2]
E = ε
d
rD
. (2)
Squares in Fig. 3 show the measured dependence of
the total energy of the directional radiation on the fer-
rite prism length. It follows from the figure that the
radiation energy nonlinearly increases with this length,
and the growth rate increases as well. The solid line in
the figure corresponds to the approximation of the ex-
perimental data by the quadratic dependence of energy
on the length of the ferrite working part (E ∼ l2). The
maximum radiation energy at a discharge gap length of
7 cm was ∼21µJ. For comparison, the inset of Fig. 3
presents a similar dependence for the total radiation en-
ergy obtained perpendicular to the ferrite surface [1,2].
It is seen that the dependence has a fundamentally dif-
ferent character: with increasing the ferrite prism length,
the total radiated energy increases, but the growth rate
decreases significantly.
What is the physical nature of the observed radiation?
In view of the sharp asymmetry in the angular distribu-
tion of the radiation intensity in the absence of focusing
and limiting devices, one can conclude that the radiation
is coherent, and the asymmetry in the spatial distribu-
tion is due to interference phenomena. We encounter
a similar phenomenon when Cherenkov radiation arises,
that is electromagnetic radiation of optically transparent
media occurs, caused by a charged particle moving in a
medium at a speed exceeding the speed of light in this
medium [7–9]. The Cherenkov radiation condition can
be derived considering the interference phenomena and
Huygens-Fresnel principle.
For a particle moving with velocity v in an isotropic
medium, the wavefronts of these elementary waves are
spheres, and their radii increase with speed u = c/n,
where c is the speed of light in vacuum, n is the refractive
index of the medium. According to the Huygens-Fresnel
principle, the elementary waves are mutually canceled
except for their common envelope. If v < u, there is
no envelope at all because all the spheres are nested, and
there are no intersection points for the wavefronts belong-
ing to different spheres. Consequently, the Cherenkov
radiation does not occur if the charged particle moves
with the speed v < u. If the particle moves with a speed
higher than the speed of waves in the medium (v > u),
the wavefronts of elementary waves intersect, and their
common envelope is a cone with the vertex in the instan-
taneous position of the charged particle. In this case, the
elementary waves are enhanced due to interference, and
the light generated by the medium at each unit length of
the particle trajectory propagates along the generatrix
of the cone (Cherenkov cone), with its axis coinciding
with the direction of the charged particle motion, and
the angle at the vertex being 2β, where β satisfies the
well-known relation:
cosβ =
u
v
=
c
nv
. (3)
4FIG. 4. Diagram explaining the formation of the coherent
radiation region.
Thus, sharp asymmetry appears in the angular dis-
tribution of the radiation intensity in the complete ab-
sence of focusing and limiting devices. What happens in
our case? We assume that at the prebreakdown stage
of the discharge, when a high voltage is applied to the
cathode, a longitudinal electric field appears in the in-
terelectrode gap (a bias current arises), which causes the
magnetic field in the perpendicular direction. Thus, a
high-power magnetic field pulse passes through the dis-
charge gap, traveling over ferrite at a speed of ∼ c. This
pulse induces short-lived magnetization of the ferrite sur-
face. Accordingly, each unit area of the ferrite surface
becomes a temporary coherent source of interfering el-
ementary electromagnetic waves, forming the resultant
radiation.
The coherence of the radiation is due to the equiva-
lent excitation conditions for all emitters. The excita-
tion pulse and the radiation it generates move in the
same direction at the same speed. The envelope of the
wavefronts of the elementary waves exists only in a small
region near the ferrite surface where the phase matching
of the radiation from elementary sources is ensured. As it
was mentioned above, the elementary waves are mutually
canceled except for their common envelope. Thereby, the
emitted radiation has low angular divergence and prop-
agates parallel to the ferrite surface towards the anode.
Fig. 4 shows the diagram explaining the formation of
the radiation region as a result of coherent addition of
elementary electromagnetic waves.
In conclusion, we emphasize the important feature
and novelty of the considered phenomenon: no optically
transparent medium with a refractive index n and no
charge moving at a speed v > c/n are involved. The
studied radiation is formed as the electromagnetic exci-
tation pulse passes over the surface of the ferrite prism.
This pulse and the radiation it generates move in the
same direction at the same speed, and the radiation re-
gion is formed as a result of coherent addition of elemen-
tary electromagnetic waves. Consequently, the radiation
with high radiant intensity is emitted.
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